Sperm chromatin remodeling after oocyte entry is the essential step that initiates embryogenesis. This reaction involves the removal of sperm-specific basic proteins and chromatin assembly with histones. In mammals, three nucleoplasmin/nucleophosmin (NPM) family proteins-NPM1, NPM2 and NPM3-expressed in oocytes are presumed to cooperatively regulate sperm chromatin remodeling. We characterized the sperm chromatin decondensation and nucleosome assembly activities of three human NPM proteins. NPM1 and NPM2 mediated nucleosome assembly independently of other NPM proteins, whereas the function of NPM3 was largely dependent on formation of a complex with NPM1. Maximal sperm chromatin remodeling activity of NPM2 required the inhibition of its non-specific nucleic acid-binding activity by phosphorylation. Furthermore, the oligomer formation with NPM1 elicited NPM3 nucleosome assembly and sperm chromatin decondensation activity. NPM3 also suppressed the RNA-binding activity of NPM1, which enhanced the nucleoplasm-nucleolus shuttling of NPM1 in somatic cell nuclei. Our results proposed a novel mechanism whereby three NPM proteins cooperatively regulate chromatin disassembly and assembly in the early embryo and in somatic cells.
INTRODUCTION
Chromatin structure is significantly modified during spermatogenesis, resulting in the generation of highly condensed sperm chromatin. The core histones, H2A, H2B, H3 and H4, are largely removed and replaced with sperm-specific basic polypeptide protamines to form tight toroidal complexes. Sperm chromatin is rapidly reorganized in the oocytes after fertilization. During this process, protamines are efficiently removed and the canonical chromatin components, histones are deposited to form chromatin that can participate in zygote formation. This process is mediated by factor(s) present in the oocyte cytoplasm. In Xenopus, protamine removal and histone deposition are both mediated by an oocyte-specific acidic protein, nucleoplasmin, originally identified as a factor involved in chromatin assembly in Xenopus egg extracts (1, 2) . Huge amounts of histones are stored in Xenopus oocytes to ensure that DNA replication-coupled chromatin assembly occurs after fertilization and that subsequent cell division occurs without de novo transcription. Other important roles of nucleoplasmin during early embryogenesis include neutralization of the basic charge of histones and inhibition of their non-specific binding to DNA. Treatment of mouse embryonic carcinoma cell line F9 with nucleoplasmin induces the expression of oocyte-specific genes, suggesting that nucleoplasmin has a role in nuclear reprogramming by regulating global chromatin structure (3) . Furthermore, ectopic expression of human NPM2, an ortholog of nucleoplasmin, in 293T cells induces the expression of pluripotency-associated genes (4) . In mouse, the expression of NPM2 is restricted in growing oocytes (5) . Targeted disruption of the mouse NPM2 gene results in abnormal nuclear structure formation in oocytes and early embryonic cells, despite its dispensable function in sperm chromatin decondensation (5) . Therefore, NPM2 plays an important role in the regulation of chromatin structure during early embryogenesis. Other family proteins, including NPM1 and NPM3, may play compensatory roles in NPM2-knockout mouse eggs. Human NPM1/nucleophosmin/B23 also has a potential role in sperm chromatin decondensation (6) , both NPM1 and NPM3 are expressed in mouse oocytes (5) , and inhibition of NPM3 expression using an antisense oligonucleotide prevents sperm chromatin remodeling in mouse fertilized eggs (7) . These observations suggest that NPM family proteins play important roles in sperm chromatin remodeling.
Proteins in the NPM family share a conserved Nterminal core domain containing eight-stranded b-sheets (8) . Crystal structural analyses of the N-terminal domains of nucleoplasmin, Drosophila nucleoplasmin-like protein dNLP, Xenopus NO38/NPM1 and human NPM1 and NPM2, demonstrated that the core domain forms a pentameric ring, while two pentamers associate in a head-to-head fashion to form a decamer (9) (10) (11) (12) (13) . Other features of this family are acidic stretches extending from the core domains, which are implicated in efficient histone chaperone activity (14) . Unlike other NPM proteins, NPM1 has an RNA-binding domain that is required for efficient nucleolar localization at the C-terminal end (15) . Proteins in the NPM family are likely to form hetero-oligomers because of the significant conservation found in the core domains.
We have been studying the molecular mechanism of adenovirus (Ad) chromatin assembly and disassembly. Ad DNA is complexed with viral basic core proteins, V, VII and Mu, in the mature virions to produce the highly condensed Ad chromatin structure. Upon entry into host cell nuclei, Ad chromatin is decondensed after a change in the mode of interaction between the core proteins and DNA, and DNA is used as a template for early gene expression (16) . Ad chromatin does not function as a template for replication and transcription in vitro because of its condensed structure, indicating that Ad chromatin remodeling is crucial for the initiation of transcription and replication. We previously identified host factors, Template Activating Factor-I (TAF-I) and NPM1/Nucleophosmin/B23 as host factors involved in Ad chromatin remodeling (17, 18) . TAF-I and NPM1 directly associate with viral basic core proteins to remodel the viral chromatin structure (16, 19) . Since the major core protein VII is an arginine-rich basic polypeptide and shows limited sequence similarity to sperm-specific basic proteins (20) , adenovirus chromatin remodeling is an advantageous model system to understand sperm chromatin remodeling. Consistent with this, we previously demonstrated that both TAF-I and NPM1 have potential sperm chromatin decondensation activity as they mediate adenovirus chromatin remodeling (6, 21) .
The three NPM proteins are expressed in oocytes and eggs, so that NPM proteins may share overlapping roles due to the formation of hetero-oligomers via the conserved core domain. However, the oligomerization status and biochemical activities of the three human NPM proteins have yet to be established. This report characterized the sperm chromatin decondensation and nucleosome assembly activities of homo-and hetero-oligomers of the three human NPM proteins.
MATERIALS AND METHODS

Plasmids
Plasmids for NPM1 expression were previously described (6, 18, 22) . Human and mouse NPM3 genes were cloned by PCR using cDNA prepared from HeLa cells and NIH3T3 cells by using oligonucleotide sets, 5
0 -aaaacgcgtcatatggcc gccggtactgcagc-3 0 and 5 0 -aaaggatccctagggcctgcccccctg ct-3 0 , and 5 0 -agctagcatatgttcagcatggcggccggcgc-3 0 and 5 0 -a gctggatcctaaggcctgcccctgtgct-3 0 , respectively. The cDNA was digested with Nde I and Bam HI, and subcloned into the same sites of pET14b (Novagene). To add N-terminal Flag-tag, the cDNA cut out from pET14b-NPM3 by Nde I and Hind III was subcloned into the same sites of pBS-Flag vector. To construct pGEX6P1-NPM3 and pEGFPC1-Flag-NPM3, the cDNA was cut out from pBS-Flag-NPM3 by digestion with Bam HI and subcloned into the same sites of pGEX6P1 (GE Healthcare) or pEGFPC1 (Clonetech). The expression of His-tagged NPM3 was not successful in Escherichia coli using pET14b-NPM3, so the full length NPM3 cDNA was synthesized to optimize the sequence for the E. coli expression system. The optimized NPM3 sequence was subcloned into the Nde I and Bam HI sites of pET14b. Similarly, the human NPM2 cDNA optimized for expression in E. coli was synthesized and subcloned into the Nde I and Bam HI sites of pET14b. The NPM2 cDNA was cut out from pET14b vector by Nde I and Hind III, and subcloned into the same sites of pBS-Flag vector. Then, the Flag-tagged NPM2 cDNA was cut out by Bam HI digestion and subcloned into the Bam HI sites of pGEX6P1 and pEGFPC1 vectors. The sequences of synthesized cDNAs (Operon Biotechnologies) for human NPM2 and NPM3 will be provided upon request. For construction of the chimeric NPM1-3Ch protein, cDNAs for NPM1(1-120) and NPM3(146-178) were independently amplified using primer sets 5 0 -cacttagtagctgt ttccgaagaagaatct-3 0 and T7 terminator primer, and 5 0 -ttctt cggaaacagctactaagtgctgtcc-3 0 and T7 promoter primer, respectively, and appropriate pET14b vectors as templates. These two fragments were used as templates for second PCR using T7 promoter and terminator primers to amplify the full length cDNA. The cDNA was subcloned into the Nde I-and Bam HI-digested pET14b. To purify the NPM1-NPM3 complex, the cDNA for NPM3 containing N-terminal His-tag was cut out from pET14b-NPM3 vector by Nco I and Bam HI, and subcloned into the same sites of pETDuet-1 vector (Novagene). The NPM1 cDNA amplified by PCR with 5 0 -AGCGGATCCCATGGAAGATTCGATGGA CAT-3 0 and T7 terminator primer, and pET14b-NPM1 as template was digested with Bam HI and subcloned into the Bgl II site of pETDuet-1 vector containing the NPM3 cDNA. To construct phosphomimetic NPM2 proteins, oligonucleotide sets 5 0 -GCAGACGTTCGCGA  TAAAGACCCAGTCAAGAAA-3  0 and 5  0 -TGGGTCTT  TATCGCGAACGTCTGCACGGATTTC-3  0 for NPM2  S196D, and 5 0 -GAGCAGGCTCCGGTGAAACAGGT G-3 0 and 5 0 -CACCGGAGCCTGCTCTTCCAGACT-3 0 for S159D, and 5 0 -ATGCAGCATATGAACCTGGACG ACGCTGACGACGACGAAGAAAAAGCGGTTACT-3 0 for 5D were used for PCR. NPM2 2D and 7D mutants were constructed using appropriate primer sets described above. The mutant cDNA was amplified by PCR and digested with Nde I and Bam HI, and subcloned into the same sites of pET14b.
Cell culture
HeLa cells and HEK293T cells were maintained in DMEM containing 10% FBS. HeLa cell lines expressing either EGFP-Flag (EF)-NPM1 or EF-NPM3 were established by transfection of pEGFPC1-Flag-NPM1 or pEGFP-Flag-NPM3 vectors. Cells stably expressing EGFP-tagged proteins were selected by 50 mg/l of G418. The colonies were isolated and the expression of EGFP-tagged proteins was examined by fluorescence microscope and western blotting with anti-Flag antibody.
Mouse oocytes and sperms preparation
MII-stage oocytes were prepared from the oviducts of 8-weeks-old ICR mice (SLC Japan, Inc.) supraovulated with equine chronic gonadotropin and human chronic gonadotropin. MII oocytes were separated from cumulus cells by hyaluronidase, and MII oocytes and cumulus cells were separately collected and used for western blotting. Sperms were isolated from testis of 12-14-weeks-old B6 mice. Sperms were washed with nuclei wash buffer (40 mM HEPES-KOH pH 7.2, 250 mM sucrose, 75 mM KCl, 0.5 mM spermidine and 0.15 mM spermine), permeabilized with the same buffer containing 0.33 mg/ml L-a-palmitoyl-lysophosphatidylcholine (SIGMA), 0.1% Nonidet P-40 and 10 mM dithiothreitol on ice for 10 min. The cells were washed with nuclei wash buffer, suspended in the same buffer containing 50% glycerol at a concentration of 1 Â 10 5 nuclei/ml, frozen in liquid N 2 , and kept at À80 C until use.
Protein purification, chemical cross linking experiments, limited trypsin digestion
Recombinant proteins were expressed in E. coli and purified as described previously (18) . His-tagged NPM proteins were separated by SDS-PAGE and recovered from the gel. The proteins were eluted, precipitated with acetone and denatured in 6 M Guanidine-HCl containing 50 mM Tris-HCl pH 7.9, and 10 mM DTT. Denatured proteins were dialyzed in 50 mM Tris-HCl pH 7.9, 12.5 mM MgCl 2 , 50 mM KCl, 0.5% NP-40 and 20% Glycerol for 3 h, and then the dialysis buffer was changed to buffer H (20 mM HEPES-NaOH pH 7.9, 50 mM NaCl, 0.5 mM EDTA, 10% Glycerol and 0.5 mM PMSF) and dialyzed for 6 h. To purify the His-NPM3-NPM1 complex, extracts were prepared from E. coli BL21 strain transformed with pETDuet-NPM3/NPM1 vector. The complex was purified with His select Nickel Affinity Gel (Sigma Aldrich) according to the manufacturers' instruction. The eluted His-NPM3/NPM1 complex was then loaded on to a Mono Q column (0.1 ml, GE Healthcare) and purified with salt gradient from 0.1 to 0.6 M NaCl. The peak fraction containing both NPM1 and NPM3 was dialyzed as above. The samples (10 mg of NPM1 in 20 ml) were then separated by Superose 6 PC 3.2/30 column chromatography at a flow rate of 30 ml/min. Fractions (50 ml each) were collected and proteins were analyzed by SDS-PAGE and western blotting. Gel Filtration Calibration Kits (GE Healthcare) were used as molecular weight standards.
Phosphorylation of His-tagged NPM2 was performed with total cell extracts prepared from asynchronous and mitotic HeLa cells. Synchronization of HeLa cells and extracts preparation were performed as described previously (23) . His-NPM2 (40 mg) was incubated with cell extracts (50 mg of proteins) at 37 C for 1 h in 20 mM Tris-HCl pH 7.9, 50 mM NaCl, 10 mM MgCl 2 , 10% glycerol, 1 mM PMSF, 1 mM ATP and phosphatase inhibitors (10 mM b-D-glycerophosphate, 1 mM NaF and 1 mM Na 3 VO 4 ). Then, His-NPM2 protein was purified with His select Nickel Affinity Gel as described above. The purified proteins were dialyzed in buffer H containing phosphatase inhibitors.
Chemical crosslinking experiments were performed with glutaraldehyde (Sigma). The proteins in buffer H were mixed with 0.05% glutaraldehyde and incubated at room temperature for 10 min. The reaction was terminated by adding SDS-sample loading buffer and boiling at 95 C for 10 min. The samples were separated by SDS-PAGE followed by silver staining or western blotting.
Blue Native (BN)-PAGE was performed with Native PAGE TM Novex Bis-Tris Gel System (Invitrogen) according to the manufacturers' instruction. Native Mark TM Unstained Protein Standard (Invitrogen) was used as molecular weight markers for BN-PAGE.
For trypsin digestion assay, recombinant proteins (500 ng) in buffer H were mixed with Trypsin (Sigma) and incubated at 37 C for 5 min. The reaction was stopped by adding SDS-sample loading buffer and boiled at 95 C for 5 min. Proteins were separated by 15% SDS-PAGE and visualized by Coomassie Brilliant Blue (CBB) staining or western blotting.
NCP assembly and DNA-binding assays Nucleosome core particle (NCP) assembly assays were performed using 147-bp DNA fragment containing 5S rRNA gene sequence and core histones prepared as described previously (24) . For DNA-binding assays shown in Figure 4 , 196-bp DNA fragment was mixed with recombinant NPM2 proteins in 20 mM Tris-HCl pH 7.9, 100 mM NaCl, 10% Glycerol, 0.1 mg/ml of BSA. The complexes were loaded on 6% PAGE in 0.5 Â TBE and the DNA was visualized with GelRed (Biotium) staining. Supercoiling assays were performed as described previously (6) using pCAGGS vector.
Sperm chromatin decondensation
Mouse sperm nuclei were isolated as above and sperm nuclei decondensation assays were performed as described previously (21) . A total of 2 Â 10 4 sperm nuclei were incubated with NPM proteins and incubated at 37 C. Sperm DNA stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) was observed under fluorescence microscope equipped with a color, cooled CCD camera (DP71, Olympus). Sperm size was measured by Image J software (http://rsb.info.nih.gov/ij/).
Antibodies
Anti-NPM3 serum was generated in rabbits using the GST-Flag-NPM3 protein as an antigen. Anti-NPM3 antibody was purified with His-NPM3-immobilized HiTrap NHS-activated HP column (GE Healthcare). Purified anti-NPM3 antibody does not cross react with other NPM proteins (data not shown). Anti-Flag (M2, Sigma), anti-His-tag (HIS1, Sigma) and anti-NPM1 (Invitrogene) were commercially available. Anti-PCNA and anti-mouse NPM2 antibodies are generous gifts from Dr A. Verreault and Dr M. Matzuk, respectively.
Cell extracts preparation and immunoprecipitation
Exponentially growing HeLa cells were disrupted in gentle sonication in buffer A (50 mM Tris-HCl pH 7.9, 0.1% Triton X-100 and 0.5 mM PMSF) containing 150 mM NaCl. The extracts were recovered by centrifugation with 15 000 rpm for 15 min and mixed with anti-NPM1 or anti-NPM3 antibody, and incubated at 4 C for 2 h. As a control, normal rabbit IgG (Santacruz Biotechnology) was used. The NPM proteins were recovered by the addition of protein A sepharose (GE Healthcare). Proteins were separated on 12.5% SDS-PAGE and analyzed by western blotting.
For immunoprecipitation of EGFP-Flag (EF) tagged NPM proteins, EF, EF-NPM1, EF-NPM2 and EF-NPM3 were transiently transfected to HeLa cells with Gene Juice (Novagene). Twenty four hours after transfection, the cell extracts were prepared as above and immunoprecipitation was performed with anti-Flag M2 agarose beads (Sigma). The proteins bound to the beads were washed extensively by buffer A containing 150 mM NaCl, and eluted with the same buffer containing Flag peptide (Sigma). The proteins were separated by SDS-PAGE and analyzed by western blotting.
Glycerol density gradient assay
Nuclear extracts (50 ml) prepared from HeLa cells were loaded on 15-35% glycerol density gradient in 20 mM HEPES-NaOH pH 7.9, 50 mM NaCl and 0.5 mM EDTA (2.1 ml). The samples were centrifuged at 35 000 rpm for 14 h at 4 C in S55S rotor (Hitachi Koki). Fractions (100 ml) were collected from the top and analyzed by SDS-PAGE and western blotting.
Immunofluorescence and FRAP analysis
To examine the localization of endogenous NPM1 and NPM3, HeLa cells grown on cover slips were fixed with 3% paraformardehyde and permeabilized in PBS containing 0.5% Triton X-100. Cells were then incubated with anti-NPM1 and NPM3 antibodies diluted with PBS containing 0.5% non-fat dry milk. Localization of proteins was visualized with secondary antibodies conjugating with AlexaFluor dyes (Molecular Probes). During final wash with PBS containing 0.1% Triton X-100, To-Pro-3 DNA staining dye (Molecular Probes) was added and incubated for 15 min at room temperature. Localization of proteins and DNA was observed under confocal microscope (LSM EXCITER; Carl Zeiss Microimaging, Inc.).
HeLa cells stably expressing EF-NPM1 or EF-NPM3 were subjected to FRAP analyses. Cells were grown on 35-mm glass base dishes (IWAKI). The dish was set on an inverted microscope (LSM EXCITER; Carl Zeiss Microimaging, Inc.) in an air chamber containing 5% CO 2 at 37 C, and the mobility of EGFP-tagged NPM proteins was analyzed by photobleaching with a Plan-Apochromat 63Â/1.4 oil objective. EGFP signal in small nucleoli was bleached using 85% transmission of a 488-nm Ar laser (50 iterations), and images were collected (512 Â 512 pixels, zoom 4.1, scan speed 13, pinhole 1 airy unit, LP505 emission filter and 1.0% transmission of a 488-nm Ar laser with 0.7% output power) every 0.5 s. The fluorescence intensity of the bleached area was measured using ZEN2008 software (Carl Zeiss Microimaging, Inc.). Background intensity was first subtracted from all the intensities measured and relative fluorescence intensity (RFI) was calculated as following: RFI = (Ia/Ia0) Â (Ib0/Ib), where Ia is the fluorescence intensity of bleached area at each time points, Ia0 is the initial fluorescence intensity of bleached area, Ib is the fluorescence intensity of non-bleached nucleoli at each time point, and Ib0 is the initial fluorescence intensity of non-bleached nucleoli. Recovery curves were fit to a single exponential using the FRAP analysis module of the ZEN software (Carl Zeiss Microimaging, Inc.).
RESULTS
Association between NPM proteins in HeLa cells
We first examined the localization of human NPM proteins in HeLa cells. Enhanced green fluorescent protein (EGFP)-tagged NPM proteins were expressed in HeLa cells, and their localization was examined using fluorescent microscopy ( Figure 1A ). As previously reported (23, 25, 26) , EF-tagged NPM1 and NPM3 preferentially localized in the nucleoli, whereas EF-NPM2 was distributed throughout the nucleus. The level of the EF-NPM3 signal was higher than that of NPM1 in both the nucleoplasm and cytoplasm. Furthermore, the expression pattern of endogenous NPM1 and NPM3 in HeLa cells was confirmed by immunofluorescence using specific antibodies ( Figure 1B ). Endogenous NPM1 and NPM3 were localized in the nucleolus: the staining patterns of NPM1 and NPM3 suggested that both are mainly found in the granular component of the nucleolus.
NPM1 and NPM3 are expressed ubiquitously. We then examined the interaction between endogenous NPM1 and NPM3 in cell extracts. Nuclear extracts prepared from HeLa cell extracts were subjected to immunoprecipitation with control Ig (lanes 6 and 9), anti-NPM1 (lanes 7 and 10), and anti-NPM3 (lanes 8 and 11) antibodies. Bound proteins were eluted with SDS-sample buffer (30 ml) and 3 (lanes 6-8) or 9 (lanes 9-11) ml of samples were separated on SDS-PAGE and analyzed by western blotting with anti-NPM1 and anti-NPM3 antibodies (top and bottom panels, respectively). As standard, recombinant His-NPM1 (50, 25, 12 ng for lanes 1-3) and His-NPM3 (5, 2.5, 1. HeLa cells were fractionated using a 15-35% glycerol density gradient; fractions were collected from the top, the proteins in each fraction were analyzed by western blotting ( Figure 1C ). The NPM3 antibody generated in this study detected two NPM3 bands in the extracts (see the input lane of bottom panel). By comparing with the His-tagged recombinant protein ( Figure 1D , lanes 1-5), the bottom band was likely to be a degradation product of full-length NPM3. Both NPM1 and NPM3 were broadly distributed and cofractionated in fractions 8-11. Since NPM1 and NPM3 (32.5 and 19 kDa, respectively) were recovered in higher molecular weight fractions than nucleolin (NCL, 76.6 kDa), both these proteins were mainly included in large protein complexes. To further test whether NPM1 and NPM3 formed a complex, immunoprecipitation assays were performed using antibodies specific for NPM1 and NPM3 ( Figure 1D ). Immunoprecipitation assays clearly demonstrated that NPM1 and NPM3 were associated with each other in extracts (lanes 6-11). Using recombinant proteins (migrating slower than endogenous proteins because of a His-tag) as standards (lanes 1-3), the amount of NPM3 (only full-length NPM3 (top band) was considered) in the input extracts derived from HeLa cells was rapidly estimated to be 1/10-1/20 of that of NPM1. Immunoprecipitation conducted using anti-NPM3 antibody indicated that NPM3 coprecipitated with higher amounts of NPM1 (lanes 8 and 11).
NPM2 expression is restricted in oocytes and early embryos (5), where both NPM1 and NPM3 are also expressed. We then examined the cellular interaction between NPM2 and other NPM proteins ( Figure 1E ). EF-tagged NPM proteins were expressed in HEK293T cells, and immunoprecipitation assays were conducted. EF-NPM1 coprecipitated endogenous NPM1 and NPM3 (lane 6). In contrast, the coprecipitation of endogenous NPM proteins with EF-NPM2 was barely detected (lane 7). EF-NPM3 coprecipitated with endogenous NPM1, but not with endogenous NPM3 (lane 8). These results raised the possibilities that NPM2 does not form a stable oligomer with other NPM proteins in oocytes and fertilized eggs and that NPM3 does not efficiently form a homo-oligomer in solution.
Three NPM proteins are expressed in mammalian oocytes (7), but their stoichiometry is unclear. To address this point, we examined the expression level of NPM proteins in mouse MII oocytes with specific antibodies using recombinant proteins as standards ( Figure 1F ). Because the anti-NPM1 antibody used in this study recognizes the C-terminal region (amino acids 259-294) of NPM1 and this region is completely identical in human and mouse NPM1, the amount of NPM1 in mouse MII oocytes was estimated using the human recombinant NPM1 protein as the standard. We used recombinant His-tagged mouse NPM3 as the standard for NPM3. The amounts of NPM1 and NPM3 were estimated to be $1 ng/60 oocytes (0.51 fmol/oocyte, top panel lane 8) and 0.1 ng/60 oocytes (0.09 fmol/oocyte, middle panel lane 8), respectively. Consistent with the previous report (5), NPM2 was abundantly expressed in oocytes, and its expression level was much higher than that in cumulus cells (lanes 7-10). We could not precisely determine the expression level of NPM2 in mouse oocytes by using the mouse NPM2 antibody and recombinant human NPM2 proteins generated in this study because the similarity between mouse and human NPM2 is not sufficiently high (the two proteins are 65% identical). However, it was recently reported that the amount of NPM2 is $75 pg (3.2 fmol)/oocyte (27) . Taken together, these results support the idea that three NPM proteins are simultaneously expressed in oocytes and may play overlapping roles in sperm chromatin remodeling after fertilization.
Oligomerization of human NPM proteins
We next examined the oligomer formation ability of human NPM proteins. Bacterially expressed human NPM proteins were purified, and their oligomerization ability was tested using a chemical crosslinking assay (Figure 2A ). NPM1 was subjected to SDS-PAGE and bands with 40 kDa and >200 kDa were detected even in the absence of chemical crosslinking (lane 1), indicating that NPM1 formed a stable oligomer. After glutaraldehyde (GA) treatment, $200-and 160-kDa protein bands were observed for NPM1 and NPM2, respectively (lanes 2 and 4). In addition, bands >200 kDa were also detected. This result suggested that human NPM1 and NPM2 both formed stable pentamers and that some of the pentamers formed decamers in solution. Conversely, the band corresponding to a pentamer was not detected when NPM3 was subjected to GA treatment (lanes 5 and 6). Instead, a band similar to that of the NPM3 monomer and a minor population of a 55-60 kDa bands were detected. To further confirm the oligomerization status of NPM proteins, the proteins were analyzed by BN-PAGE ( Figure 2B ). BN-PAGE was originally developed for the separation of mitochondrial membrane proteins and has been used to determine the native mass and oligomeric status of proteins (28) . By comparison with the molecular standards separated on the same gel ( Figure 2B , right panel), the native masses of NPM1, NPM2 and NPM3 were estimated to be 358, 231 and 42 kDa, respectively. In parallel, gel filtration analysis revealed that His-NPM1 and His-NPM2 were fractionated at the positions corresponding to approximately 370 and 270 kDa, respectively ( Figure 6D ). In addition, we examined the mass of NPM3 by gel filtration, but it distributed broadly and we could not estimate native mass (data not shown). From these results and previous structural analyses (9-11,13), we concluded that both human NPM1 (34.7 kDa including the His-tag) and NPM2 (26.3 kDa including the His-tag) formed stable pentamers in solution and that two pentamers are assembled into decamers. On the other hand, NPM3 (21.5 kDa including the His-tag) is suggested to from dimers in solution. Consistent with this data, preliminary results from electrospray ionization mass spectrometry analyses suggested that NPM3 formed a dimer at low salt concentrations (data not shown). NPM1 and NPM2 treated with GA and separated by SDS-PAGE were mainly detected at around pentamer positions, while these proteins were suggested to form decamers by BN-PAGE and gel filtration assays. This could be due to the assumption that the pentamer-pentamer interface is not efficiently crosslinked by GA, and two pentamers are dissociated under SDS-PAGE conditions.
The N-terminal regions of NPM family proteins are folded into a compact domain containing an eight-stranded b-barrel (sequences colored by light blue in Figure 2D ). Unlike other NPM proteins, NPM3 does not form a stable pentamer. Therefore, we tested whether NPM3 is folded into a monomeric structure similar to that found in other NPM proteins by conducting a limited proteolysis assay using trypsin ( Figure 2C ). Full-length His-tagged NPM1, NPM2 and NPM3 were digested with increasing amounts of trypsin, and digested proteins were analyzed by SDS-PAGE followed by Coomassie Brilliant Blue (CBB) staining (colored with red) or western blotting using the anti-His-tag antibody (green). CBB-stained gels clearly showed the appearance of distinct protein bands of approximately 20 kDa corresponding to the core domain after the trypsin treatment of His-tagged NPM1 and NPM2 (lanes 1-8) . Moreover, distinct bands of approximately 20 kDa were also detected when His-NPM3 was treated with trypsin (lanes 9-12). Western blotting with anti-His-tag antibody indicated that these peptides did not contain N-terminal ends. Based on these observations, it is strongly suggested that the N-terminal domain of NPM3 is folded into a typical NPM core structure. Trypsin treatment of NPM3 produced distinct bands <20 kDa, as detected by western blotting with anti-His-tag antibody, those of which were not apparent with NPM1 and NPM2 (lanes 10-12) . Given the molecular weight and the positions of lysine and arginine residues of the NPM3 sequence from the N-terminal His-tag, these fragments were likely to correspond to fragments digested within the loop structures between the b-sheets (i.e. K76, R87 and K102, Figure  2D ). These loop structures are known to be involved in the monomer-monomer interactions in the pentamer or in pentamer-pentamer interactions in the decamer (11, 13) . These results support the hypothesis that NPM3 is folded into a NPM core structure although the loop regions were susceptible to trypsin because of their lack of pentamer/decamer formation ability.
Sperm chromatin remodeling by human NPM proteins
Three NPM proteins are simultaneously expressed in oocytes ( Figure 1F ). Next, we examined whether NPM proteins may have sperm chromatin remodeling activity. Sperm chromatin remodeling consists of sperm chromatin decondensation by protamine removal and nucleosome assembly. Therefore, we examined both of these activities using NPM proteins in vitro. To examine the sperm chromatin remodeling activity of NPM proteins, mouse sperm nuclei were prepared and incubated in the absence or presence of NPM proteins. The size of DAPI-stained nuclei was measured by Image J software. As shown in Figure 3B , sperm nuclear size significantly increased in the presence of NPM1, but not in the presence of NPM2 or NPM3. This NPM1 activity depended on its concentration and incubation time (Figure 3C and D) . Although mouse NPM2 was previously reported to induce mouse sperm chromatin decondensation by incubation for 24 h (27), we did not observe a significant increase in sperm size within 1 h. These results suggest that an additional factor is required for NPM2 and NPM3 to induce efficient protamine removal, including complex formation with other NPM family proteins or post-translational modifications.
We then examined the nucleosome assembly activity of human NPM proteins. We first examined the histonebinding activity of NPM proteins using GST-tagged human NPM proteins and core histones purified from HeLa cells ( Figure 3E ). GST alone did not precipitate histone proteins (lane 5), whereas four core histones efficiently precipitated with GST-NPM proteins (lanes 6-8) . This indicated that all NPM proteins were similarly associated with histones under the assay conditions used. Xenopus nucleoplasmin (NPM2) is mainly associated with H2A-H2B dimers in egg extracts, but we observed that all NPMs were similarly associated with both histones H2A-H2B and H3-H4 in vitro (data not shown). We then sought to determine the nucleosome assembly activity of NPM proteins. Core histones were preincubated with increasing amounts of His-tagged NPM proteins ( Figure  3A ), mixed with a 147-bp DNA fragment, and incubated. The mixtures were separated by native polyacrylamide gel electrophoresis ( Figure 3F ). When histone alone was incubated with DNA, the DNA was present in large aggregates that could not enter the gel (lane 1). In contrast, when histones were preincubated with increasing amounts of NPM1, free DNA and NCP bands increased in a dose-dependent manner (lanes 2-6). The activity of NPM2 was also detected when its concentration was low, but DNA and NPC bands were decreased when NPM2 concentration was increased (lanes 7-11). This suggests that NPM2 randomly associates with DNA and/or DNA-histone complexes. When histones were preincubated with NPM3, DNA-histone aggregation decreased, and free DNA and NCP bands were clearly detected (lanes 12-16). To further verify the nucleosome assembly activity of NPM proteins, a supercoiling assay using relaxed plasmid DNA was conducted ( Figure 3G ). NPM1 mediated nucleosome assembly, and supercoil was introduced in plasmid DNA in a dose-dependent manner (lanes 2-4). In the presence of low concentration of NPM2 (lanes 5 and 6), supercoil was slightly introduced in plasmid DNA, and this weak activity was decreased in the presence of higher amounts of NPM2 (lane 7). In addition, we could not detect efficient nucleosome assembly activity of NPM3 (lanes 8-10) using supercoiling assay. Thus, we concluded that NPM3 binds to histones and inhibits DNA-histone aggregation, although this NPM3 activity is insufficient to form chromatin on long DNA as a histone chaperone. This is consistent with an earlier observation that the histone chaperone activity of NPM3 is significantly lower than that of NPM1 (29) .
Effect of NPM2 phosphorylation on its sperm chromatin remodeling activity
We focused on the effect of post-translational modifications on NPM2 activity as a stimulatory mechanism for 4) or with core histones (1 mg, lanes 5-8) purified from HeLa cells in the buffer containing 150 mM NaCl. The mixtures were recovered by glutathione sepharose beads. The proteins were separated by 15% SDS-PAGE and visualized with silver staining. Positions of molecular weight markers and core histones are shown at the left and right side of the panel, respectively. (F) Histone transfer assay. Increasing amounts of His-tagged NPM1, NPM2 and NPM3 (lanes 2-6, 7-11 and 12-16, respectively) (50, 100, 200, 300 and 400 ng for each protein) were incubated with core histones (100 ng) and incubated. Then the 147-bp DNA fragment (30 ng) were added and further incubated at 37 C for 30 min. The mixtures were separated by 6% PAGE in 0.5Â TBE. DNA was visualized by staining with GelRed. Positions of free DNA and nucleosome core particle (NCP) are indicated at the right side of the panel. (G) Supercoiling assay. His-tagged NPM1, NPM2 and NPM3 (100, 300, and 1000 ng for lanes 2-4, 5-7 and 8-10) were incubated with core histones (100 ng). Then plasmid DNA (100 ng) treated with topoisomerase I was added to NPM-histone mixture and incubated. Plasmid DNA was purified and analyzed by 1% agarose gel electrophoresis in 1Â TBE and visualized with GelRed staining. Positions of relaxed (R) and supercoiled (S) DNA are indicated at the right side of the panel.
NPM2. The activity of Xenopus NPM2 was strictly regulated by phosphorylation during oogenesis and after fertilization (30) . Mouse NPM2 is likely to be highly phosphorylated in metaphase II stage eggs and pronuclear stage zygotes (31) . Thus, mammalian NPM2 function is also likely to be regulated by phosphorylation. Mitotic cell extracts prepared from HeLa cells and asynchronous HeLa cell extracts were used as kinase sources to mimic metaphase II stage eggs. A phosphorylated protein-specific dye, Pro-Q Diamond, was used to show that NPM2 proteins incubated with asynchronous and mitotic extracts were phosphorylated ( Figure 4A , lanes 5 and 6). Based on the intensity of Pro-Q Diamond stained gel, NPM2 was most efficiently phosphorylated by mitotic extracts. This suggests that either kinases present in asynchronous and mitotic extracts differentially phosphorylated NPM2 or that the activity of a specific kinase in mitotic extracts was higher than that in asynchronous extracts. Because the histone transfer activity of recombinant NPM2 seemed to be inhibited by its non-specific DNA binding, we first examined the effect of NPM2 phosphorylation on its DNA-binding activity ( Figure 4B ). The 196-bp DNA fragment was incubated with increasing amounts of control or phosphorylated NPM2 proteins, and the complexes were separated by native PAGE. As expected, NPM2 bound DNA directly (lanes 2-5), and this DNA-binding activity was efficiently suppressed by phosphorylation with mitotic extracts (lanes 10-13) . Next, we tried to identify the phosphorylation site(s) affecting NPM2 activity. Human NPM2 has typical cdc2 consensus serine residues at amino acids 159 and 196. In addition, N-terminal phosphorylation sites present in Xenopus nucleoplasmin/NPM2 are conserved in the human NPM2 protein. These sites were substituted by aspartic acid (D) to mimic phosphorylation status. NPM2 S159D, S196D, S159/196D (2D), 5D (S4, S5, S7, S8 and T9 were substituted by D) and 7D (combination of 2D and 5D) were incubated in the presence of interphase and mitotic extracts, and phosphorylation status was examined by Pro-Q Diamond staining ( Figure 4C ). NPM2 was efficiently phosphorylated by mitotic extracts (lane 2 and 9) and the phosphorylation was significantly reduced when two cdc2 consensus sites were substituted with D (lanes 10-12) . N-terminal phosphorylation sites could be slightly phosphorylated by mitotic extracts (lanes 13 and 14) , although these sites were not major phosphorylation sites in mitotic HeLa cell extracts. To examine the effect of phosphorylation of NPM2 on its activity, 2D, 5D and 7D mutants were tested for sperm chromatin decondensation activity ( Figure 4D ). Wild-type and 2D NPM2 proteins did not show significant sperm chromatin decondensation activity. In contrast, both 5D and 7D mutants slightly increased sperm nuclear size although the activity was lower than that of NPM1. The effect of NPM2 phosphorylation on its histone transfer activity was also examined ( Figure 4E ). NPM2 wild type did not efficiently transfer histones onto DNA fragments (lanes 1-5) . The substitution of S159 and S196 with aspartic acids enhanced NCP formation (lanes 6-17). In addition, phosphomimetic mutation at the N-terminal region enhanced the NCP formation activity of NPM2 independently on S159 and S196 mutations (lanes [18] [19] [20] [21] [22] [23] [24] [25] . These results indicate that the phosphorylation of NPM2 at the N-terminal region plays a crucial role in sperm chromatin decondensation and chromatin assembly activities. Moreover, a kinase present in oocytes, but not in HeLa cells, and the cdc2 kinase are suggested to be required to fully activate the sperm chromatin remodeling activity of NPM2.
Oligomeric NPM3 may have histone chaperone activity
The low histone chaperone activity of NPM3 was presumably due to its lack of pentamer/decamer formation. To test this possibility, we constructed a chimeric protein in which the N-terminal core domain of NPM1 was fused with the C-terminal acidic region of NPM3 (NPM1-3Ch) ( Figure 5A ). SDS-PAGE clearly showed that both C-terminal truncated NPM1 (NPM1ÁC3) and NPM1-3Ch formed stable oligomers that could not be dissociated by SDS-PAGE sample buffer, and bands of approximately 100 and 70 kDa being detected in addition to monomer bands (lanes 3 and 4). Sperm nuclear size increased in the presence of NPM1, but not in the presence of NPM3 ( Figure 5B ). Sperm nuclear size increased and its structure was almost disrupted in the presence of the NPM1-3Ch protein. The supercoiling assay demonstrated that NPM3 and NPM1ÁC3 protein had a weak nucleosome assembly activity ( Figure 5C, lanes 5-10) . In contrast, the NPM1-3Ch protein showed a distinct nucleosome assembly activity (lanes 11-13). These results strongly suggest that the C-terminal region of NPM3 functions as a histone chaperone domain when it is included in the oligomer.
Effect of NPM3 on NPM1 function
NPM3 alone could not form homopentamers/decamers, but it was associated with NPM1 in cell extracts (Figure 1 ), suggesting that NPM3 formed a pentamer only with NPM1. To test this, purified NPM1 was mixed with increasing amounts of NPM3, denatured in guanidine hydrochloride and renatured by extensive dialysis. The oligomerization status of the renatured proteins was analyzed using a chemical crosslinking assay ( Figure 6A ). Proteins were separated by SDS-PAGE and visualized with silver staining and western blotting with an anti-NPM3 antibody (left and right panels, respectively). After GA treatment in the presence of NPM1, NPM3 was included in large complexes with molecular masses of approximately 180-200 kDa and >200 kDa (lanes 4, 6 and 8 in the right panel). The same proteins were also analyzed by BN-PAGE and visualized with silver staining ( Figure 6B ). NPM1 or NPM3 alone was detected at the position of approximately 350 kDa or 40 kDa, respectively (lanes 1 and 2) . When the NPM1-NPM3 complexes were resolved by BN-PAGE, five main bands (bands 1-5 shown at the right side of the panel) were detected. The intensity of band 2 in addition to bands 4 and 5 increased when NPM3 ratio in the complex increased (lanes 3-5) . The bands 4 and 5 corresponded to the NPM3 dimers and trimers that failed to associate with NPM1. The size of band 2 was estimated to be 310 kDa. i.e. similar to the size of the assembly of two His-NPM1 (34.5 kDa):His-NPM3 (21.5 kDa) (4:1) pentamers (319 kDa). These results suggest that NPM1 and NPM3 preferentially form pentamers at a ratio of 4:1, and two NPM1:NPM3 pentamers form a decamer in solution. However, it should be noted that the an oligomer with different stoichiometry was also detected on BN-PAGE (band 3). To further confirm oligomer formation between NPM1 and NPM3, His-tagged NPM3 and non-tagged NPM1 were coexpressed and purified with the Ni-NTA resin. Under this condition, all NPM1 6-9) or mitotic (lanes 10-13) extracts. The mixtures were analyzed by native PAGE in 0.5Â TBE and DNA was visualized with GelRed staining. (C) Phosphorylation of NPM2 mutants by extracts. NPM2 wild type (wt), S159D, S196D, S159/196D (2D), 5D and 7D mutant proteins (500 ng) were incubated with asynchronous (lanes 1-7) or mitotic (lanes 8-14) cell extracts (5 mg of proteins) and SDS-sample buffer was added. Proteins were analyzed by SDS-PAGE and Pro-Q diamond or CBB staining (top and bottom panels, respectively). Positions of NPM2 proteins are indicated by arrow heads at the right side of the panels. (D) Sperm chromatin decondensation by NPM2 proteins. Mouse sperm nuclei were incubated in the absence or presence of NPM2 wt, 2D, 5D and 7D (3 mg) and the size of sperm nuclei (n > 30) were estimated by Image J software and averaged. Results are means ± SD and statistical P-values were calculated and indicated by asterisk for P < 0.05. (E) Histone transfer activity of phosphorylated NPM2. Histone transfer assay was performed as in Figure 3F with increasing amounts (100, 200, 300 and 400 ng for each protein) of NPM2 wt, S159D, S196D, 2D, 5D and 7D. The mixtures were separated on 6% PAGE in 0.5Â TBE and DNA was visualized with GelRed staining. Positions of free DNA and NCP are indicated at the right side of the panel.
molecules should be complexed with His-tagged NPM3. Purified proteins were further fractionated by Mono Q chromatography to remove excess His-NPM3 in the complex. The CBB-stained gel revealed that the ratio between NPM1:His-NPM3 in the complex was very similar to 4:1 ( Figure 6C, lane 2) . The complex was then subjected to gel filtration, and fractions were analyzed by western blotting ( Figure 6D ). As described previously, the masses of NPM1 and NPM2 were estimated to be 370 and 270 kDa, respectively. However, NPM1 was broadly distributed when complexed with His-NPM3 despite the masses of NPM1 peak fraction being similar to that of NPM1 alone. Taken together, we conclude that NPM1 and NPM3 preferentially form a 4:1 pentamer and two pentamers are assembled into decamers, and that NPM3 may have a role in destabilizing the NPM1 pentamer/ decamer formation.
Next, we examined the function of the NPM1-NPM3 complex in sperm chromatin remodeling. As shown in Figure 7A , both NPM1 alone and the NPM1-NPM3 complex, but not NPM3, efficiently decondensed mouse sperm nuclei in incubation time-dependent manner.
Similarly, the NPM1-NPM3 complex mediated nucleosome assembly, as did NPM1 ( Figure 7B , lanes 2-4 and 8-10), while NPM3 did so less efficiently (lanes 5-7), indicating that NPM3 cooperates with NPM1 in the first and second steps of sperm chromatin remodeling during fertilization.
NPM1 and NPM3 are ubiquitously expressed, and their expression level is higher in actively growing cells than in quiescent cells. We therefore investigated the biological significance of NPM1 and NPM3 complex formation in growing cells. We previously demonstrated that RNA binding of NPM1 is required for efficient histone chaperone activity in the nucleolus (22) . Thus, we tested the RNA-binding activity of the NPM1-NPM3 complex using a filter-binding assay ( Figure 8B ). The NPM1-NPM3 complex was prepared using GST-NPM1 and His-NPM3 ( Figure 8A ). GST-NPM1 alone or GST-NPM1 mixed with a 3-fold molar excess of His-NPM3 was denatured, and the proteins were refolded by extensive dialysis. Refolded proteins were further purified with glutathione sepharose to remove free His-NPM3 (lane 3). GST-NPM1 bound to radiolabeled RNA was retained on Because the oligomers of NPM1-3Ch and NPM1ÁC3 were not completely disrupted under SDS-PAGE condition, two bands, 18-and 70-kDa bands for NPM1ÁC3 and 25 and 100-kDa bands for NPM1-3Ch, were detected. The protein amounts of NPM1ÁC3 and NPM1-3Ch were estimated by the sum of two bands. The proteins used are schematically represented at the right side of the panel. The NPM1-3Ch protein is a fusion of NPM1(1-120) and NPM3(146-178). (B) Sperm chromatin decondensation activity. Mouse sperm nuclei were incubated in the absence or presence of NPM proteins (3 mg) at 37 C for 60 min, fixed, and stained with DAPI. Three typical sperm nuclei are shown. (C) Supercoiling assay. Core histones were incubated without or with increasing amounts of NPM1 (lanes 2-4), NPM3 (lanes 5-7), NPM1ÁC3 (lanes 8-10) and NPM1-3Ch (lanes 11-13) (100, 300 and 1000 ng for each protein). Then the topoisomerase I-treated plasmid DNA (100 ng) was added and incubated. DNA was purified and separated on 1% agarose gel electrophoresis in 1Â TBE. Positions of supercoiled (S) and relaxed (R) plasmid DNA are shown at the right side of the panel.
the membrane in a GST-NPM1 dose-dependent manner (lanes 2-5). The activity of the GST-NPM1/His-NPM3 complex was lower than that of GST-NPM1 alone (lanes 6-9). These results indicated that NPM3 incorporation into the NPM1 pentamer greatly impacted the RNA-binding activity of NPM1, although this incorporation did not completely abolish the RNA-binding activity of NPM1.
Given that the RNA-binding activity of NPM1 was important for its nucleolar localization and cellular mobility (32) and that NPM3 incorporation into the NPM1 pentamer decreased RNA-binding activity ( Figure 8B ), we hypothesized that NPM3 increases NPM1 mobility in the cell. To examine this, fluorescence recovery after photobleaching analysis was performed using HeLa cells that stably expressed EF-NPM1 or EF-NPM3. We confirmed that EF-NPM3 was efficiently depleted along with NPM1 from the nuclear extracts derived from HeLa cells that stably expressed EF-NPM3 (compare lanes 1-3 and 4-6 in Figure 8C ). This result allowed us to test the mobility of a NPM1 oligomer containing NPM3 because NPM1 and NPM3 formed an oligomer ( Figure 6 ) and most EF-NPM3 was complexed with NPM1 in cell extracts ( Figure 8C) . Thus, the observed mobility of EF-NPM3 localized in the nucleoli could represent the NPM1 complex containing EF-NPM3 molecule in the pentamer. For this experiment, the EGFP signal within a small nucleolus was targeted for bleaching with a 488-nm laser line. The intensity of the EGFP signal was measured every 0.5 s ( Figure 8D ). The recovery rate of NPM1 was rapid and the half time for fluorescence recovery (t 1/2 ) was calculated to be 7.10 ± 1.81 s. Under the same experimental condition, the t 1/2 of NPM3 was calculated to be 4.29 ± 1.21 s. These results strongly suggested that NPM3 incorporation into the pentamer increased the mobility of the NPM1 pentamer in the cell by restricting the RNA-binding activity of NPM1.
DISCUSSION
In this study, we characterized the sperm chromatin remodeling activity of three human NPM proteins. Sperm chromatin remodeling is divided into at least two reactions; the first step is chromatin decondensation by protamine removal, and the second step is assembly of nucleosomes with core histones. We systematically analyzed the function of human NPM proteins during both steps of sperm chromatin remodeling. We first demonstrated that NPM1 and NPM2 formed homo-pentamers in solution, whereas NPM3 mainly formed dimers (Figure 2 ). NPM3 showed significantly lower sperm chromatin decondensation and nucleosome assembly activities in vitro because of its inability to form a proper oligomer. Importantly, NPM3 efficiently mediated sperm chromatin remodeling when included in a pentamer containing NPM1 (Figure 7) . The sperm chromatin remodeling activity of recombinant NPM2 was significantly lower than that of NPM1 (Figure 3 ). However, NPM2 activity was enhanced by phosphorylation at N-terminal region (Figure 4) . These results suggest that all three NPM proteins can potentially remodel sperm chromatin. Furthermore, we also found that NPM3 enhanced the dynamics of NPM1 in somatic growing cell nuclei (Figure 8 ).
Oligomer formation by human NPM proteins
Unlike NPM1 and NPM2, NPM3 did not form stable homopentamers/decamers in solution (Figure 2 ). The NPM3 crystal structure has not been reported until date; therefore, it is difficult to understand why NPM3 cannot form a homopentamer. The trypsin digestion assay suggested that NPM3 forms a compact typical NPM core structure to form dimers or trimers in solution ( Figures  2 and 6 ). NPM3 has conserved sequences such as the AKDE sequence and K-loop required for pentamerpentamer interaction ( Figure 2D) (10,11) . Thus, dimer Figure 8 . Effects of NPM3 incorporation into the NPM1 pentamer on the NPM1 functions in somatic cells. (A) Purified GST-NPM1/His-NPM3 oligomer. GST-NPM1 was first purified and denatured in the absence or presence of three times molar excess of His-NPM3, the mixtures were dialyzed to refold the proteins and the excess His-NPM3 was removed by purification of the proteins with glutathione sepharose. GST, GST-NPM1 and GST-NPM1/His-NPM3 (lanes 1-3, respectively, 200 ng of GST proteins) were separated on 12.5% SDS-PAGE and visualized with CBB staining. (B) RNA-binding activity of the NPM1-NPM3 complex. Increasing amounts of GST-NPM1 and GST-NPM1/His-NPM3 were mixed with 32 P-labeled total RNA purified from HeLa cells. The mixture was filtrated through nitrocellulose membrane. The membrane was extensively washed and the radio-active RNA retained on the membrane was detected by BAS2500 image analyzing system (top panel). Experiments were performed with doublet and the average radioactivity of the retained RNA is graphically shown at the bottom. The radio-active RNA incubated in the absence of NPM proteins (lane 1) retained on the membrane was set as 1.0 and relative amounts of retained RNA were measured. Two independent experiments demonstrated similar results. (C) Depletion of NPM1 from the extracts. NPM1 was immune-depleted from the extracts prepared from HeLa cells stably expressing EF-NPM3 using an anti-NPM1 antibody. Increasing amounts (1, 3 and 10 mg of proteins) of mock-and NPM1-depleted extracts (lanes 1-3 and 4-6, respectively) were separated by SDS-PAGE and analyzed by western blotting with anti-Flag, anti-NPM1 and anti-PCNA antibodies. (D) FRAP analysis of NPM1 and NPM3. HeLa cells stably expressing either EF-NPM1 or EF-NPM3 were grown on the glass-base dishes. FRAP analyses were performed as described in 'Materials and Methods' section. Small nucleoli as shown by white circle in the left panels were breached by a 488-nm laser and the fluorescent recovery at the bleached nucleoli was measured every 0.5 s. The fluorescence at the bleached area relative to the initial fluorescence (1.0) was calculated and plotted as a function of time. The data are represented as mean values ± SD from 12 and 10 experiments for NPM1 and NPM3, respectively. The t 1/2 of fluorescence recovery (7.10 and 4.29 s for NPM1 and NPM3, respectively) was estimated by curve fitting as described in 'Materials and Methods' section. Typical FRAP images of EF-NPM1 and EF-NPM3 before bleaching, and 0 and 6.2 s after bleaching are shown at the bottom.
or trimer formation could be mediated by these sequences. However, given that the expression level of NPM3 was significantly lower than that of NPM1 in HeLa cells and mouse oocytes ( Figure 1D and F) and NPM3 was efficiently depleted with NPM1 from cell extracts ( Figure  8C ), NPM3 mainly functions with NPM1 in cells. Crosslinking experiments and BN-PAGE data ( Figure  2) suggested that NPM1 and NPM3 preferentially form a decamer consisting of two NPM1:NPM3 (4:1) pentamers. If a NPM3 molecule can form contacts with two NPM1 molecules, a NPM1-NPM3 (3:2) complex should be formed in addition to the (4:1) complex. However, we could not detect a clear band corresponding to the NPM1-NPM3 (3:2) complex by BN-PAGE ( Figure 6B ), suggesting that only one monomer-monomer interaction surface is likely to be active in NPM3. In addition, gel filtration analysis revealed that the NPM1-NPM3 complex was less stable than NPM1 alone ( Figure 6D ).
Nucleic acid-binding activity of human NPM2
We found that human NPM2 has potential DNA and RNA-binding activities ( Figure 4B and data not shown) that are regulated by phosphorylation with mitotic extracts (Figure 4) . In germinal vesicles (GV), the phosphorylation status of mouse NPM2 was found to be significantly lower than that of NPM2 in MII stage eggs (31) . NPM2 is localized in the nucleoplasm and also in the nucleolus-like bodies (NLB) in GVs, but it is also distributed throughout the cell upon entry into the MII stage (5, 27, 31) . This localization change is extremely similar to that found with NPM1 in growing somatic cells. NPM1 is mainly localized in the interphase nucleolus but becomes distributed throughout the cell during mitosis when the RNA-binding activity of NPM1 is suppressed by phosphorylation with cyclin B/cdc2 kinase (23) . A NPM1 mutant mimicking mitotic phosphorylation status cannot stably localize in the nucleolus, even in interphase cells (32) . Based on the relationship between the RNAbinding activity and nucleolar localization of NPM1, it is strongly suggested that NPM2 localization in NLBs is regulated by its nucleic acid-binding activity. The C-terminal basic clusters of mouse NPM2 were shown to be necessary for NLB localization in and formation of GVs (27) . In addition, NPM2 possesses nuclear remodeling activity (3, 4) . Thus, we propose that the NLB localization of NPM2 in GVs is important for restricting any unfavorable remodeling of maternal chromatin.
Sperm chromatin remodeling by human NPM proteins
NPM1 and the NPM1-NPM3 complex efficiently mediated sperm chromatin decondensation and nucleosome assembly, whereas NPM2 activity was lower than those of NPM1 and the NPM1-NPM3 complex. Mouse and human NPM2 proteins do not possess the typical 'A1 tract', an acidic amino acid cluster, in the core domain, which is conserved in most NPM family proteins ( Figure 2D ). The A1 tract of Xenopus nucleoplasmin/NPM2 was shown to be crucial for sperm chromatin decondensation activity (33) . In addition, the human NPM2 core domain alone did not efficiently bind to histones (9) . This could be the reason why human NPM2 did not show efficient sperm chromatin remodeling activity. However, it is reasonable to speculate that NPM2 has sperm chromatin decondensation activity because sperm chromatin decondensation was reduced in NPM2 knock out mouse eggs (5, 27) , and the expression level of NPM2 was higher than those of NPM1 and NPM3 ( Figure 1F ). The N-terminal flexible region and the C-terminal basic region of nucleoplasmin (Xenopus NPM2) are phosphorylated in Xenopus eggs, and the phosphorylation of these two tail domains was found to be necessary for efficient sperm chromatin remodeling (30, 34) . Potential phosphorylation sites in the N-terminal tail domain and the C-terminal basic region are conserved in human NPM2 and phosphomimetic mutation at these sites significantly increased the sperm chromatin remodeling activity of NPM2 ( Figure 4D and E). Thus, it is likely that the NPM2 activity is regulated by phosphorylation during oogenesis and after fertilization. Since the activity of phosphomimetic NPM2 mutants was lower than that of NPM1, it is possible that additional phosphorylation sites are involved in the stimulation of NPM2 activity.
Sperm chromatin decondensation occurs in NPM2 knockout mice eggs (5, 27) . It is therefore clear that additional factors are necessary for sperm chromatin remodeling. As shown in this study, NPM1 and NPM3 are good candidate sperm chromatin decondensation factors in fertilized eggs. Furthermore, NAP/SET family proteins (Nap1-like proteins and SET/TAF-I) are ubiquitously expressed and have potential sperm chromatin decondensation activity (21, 35) . Moreover, the histone chaperone HIRA and the chromatin remodeling protein CHD1 cooperatively mediate nucleosome assembly with histone H3.3 in the paternal genome (36, 37) . Given that sperm chromatin decondensation depends on the concentration of decondensation factor(s), the determination of the stoichiometry between these candidate factors should help elucidate the mechanism of this process.
NPM3 function in growing somatic cells
Our results clearly indicate that NPM3 can mediate sperm chromatin remodeling when included in a pentamer with NPM1 ( Figure 7) . Moreover, we found that NPM3 regulates NPM1 mobility in growing somatic cells (Figure 8) . However, the exact cellular function of NPM3 has not been clarified. Transient expression of NPM3 inhibits the ribosome biogenesis function of NPM1 in a transformed monkey cell line (26) . These results suggest that NPM3 is a negative regulator of cell growth, possibly through the inhibition of NPM1 function. In contrast, endogenous NPM3 is highly expressed in mouse ES cells, where the expression level is decreased after differentiation, and NPM3 overexpression in ES cells increases cell growth (25) . We also found that NPM3 expression in normal human fibroblast cells is much lower than that found in cancer-derived cell lines, including HeLa and 293T cells (data not shown). Therefore, it seems likely that NPM3 expression is associated with cell growth rate. As shown in Figure 8 , NPM1 mobility appeared to be increased by complex formation with NPM3. Nucleo-cytoplasmic shuttling of NPM1 was shown to contribute to the export of ribosome subunits (38) (39) (40) , thereby decreasing cell growth. These results suggest that the nucleo-cytoplasmic shuttling of NPM1 is important for positive cell growth. In this regard, NPM3 may have a growth-associated function.
Finally, it should be mentioned that the NPM1-NPM3 complex functions as an active histone chaperone ( Figure  6 ). NPM3 incorporation into the NPM1 oligomer increases NPM1 retention time in the nucleoplasm, and it is possible that the NPM1-NPM3 complex is involved in the regulation of chromatin structure at the specific gene loci driven by RNA polymerase II. NPM1 is associated with a variety of RNA polymerase II-regulated genes (41) . Therefore, it would be interesting to test whether NPM1 and NPM3 cooperatively regulate the gene expression profile in somatic growing cells.
